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We use first-principles methods to reveal that in ZrTe5, a layered van der Waals material
like graphite, atomic displacements corresponding to five of the six zone-center Ag (symmetry-
preserving) phonon modes can drive a topological phase transition from strong to weak topological
insulator with a Dirac semimetal state emerging at the transition, giving rise to a Dirac topology
surface in the multi-dimensional space formed by the Ag phonon modes. This implies that the
topological phase transition in ZrTe5 can be realized with many different settings of external stim-
uli that are capable of penetrating through the phonon-space Dirac surface without breaking the
crystallographic symmetry. Furthermore, we predict that domains with effective mass of opposite
signs can be created by laser pumping and will host Weyl modes of opposite chirality propagating
along the domain boundaries. Studying phonon-space topology surfaces provides a new route to
understanding and utilizing the exotic physical properties of ZrTe5 and related quantum materials.
Introduction—The prediction and subsequent verifica-
tion of the first topological insulators about a decade
ago [1–6] marks a watershed moment in modern con-
densed matter physics and materials science. Quite a few
forms of topological materials such as topological insula-
tors [5, 7, 8], Dirac semimetals [9–11], and Weyl semimet-
als [12–14] together with many novel physical properties
have been discovered ever since. Some examples are the
existence of the symmetry protected surface states first
predicted in [15, 16], exotic transport properties in the
presence of the electric and magnetic fields, suppressed
back-scattering, and a materialized playground to test
fundamental theories governing the early universe [17–
22]. A key question in this emerging field is how to drive
phase transitions between different topological states, as
requested for energy and quantum information applica-
tions etc. [23–28].
Zirconium pentatelluride ZrTe5, a layered van der
Waals material like graphite, has recently been found to
hold a unique position among materials with topological
phase transition (TPT). This material, which has baffled
physicists for decades by its anomalous transport prop-
erties [29–31], has once again attracted intense research
interest due to its novel and ambiguous topological be-
havior. The monolayer of this material is predicted to
be in a quantum spin Hall (QSH) phase. Whereas, the
bulk sample is found to be in close proximity to the phase
boundary between strong topological insulator (STI) and
weak topological insulator (WTI) [32] and hosts a chiral
magnetic effect on electron transport [33]. Thus, slight
changes in the lattice parameters, which could happen
due to different sample growth conditions or other ex-
ternal perturbations such as strain and temperature, al-
locate the system to either STI or WTI phase [34–37].
Very recently, ultrafast photoinduced TPT in ZrTe5 has
been reported [38, 39]. Unlike the ultrafast photoin-
duced TPT in another layered van der Waals material
(W,Mo)Te2 [23, 24], which was driven by a change in
the lattice symmetry from non-centrosymmetric Td to
centrosymmetric 1T′ via light pulses induced interlayer
shear strain, the one in ZrTe5 preserves the lattice sym-
metry: one Raman-active Ag optical phonon mode was
excited by intense ∼ 1.2THz laser pulses in the optical
measurements [38], on the other hand, while the MeV ul-
trafast electron diffraction (UED) [39] used 800nm laser
pulses, which do not correspond to any Ag phonon mode
and likely excite a combination of Ag phonon modes.
With avoiding the complexities and relaxation phenom-
ena associated with the crystallographic phase transition,
such TPT could have certain advantages for technolog-
ical applications. It calls for a timely understanding
of its mechanism and in particular the questions as to
how many symmetry-preserving phonon modes can drive
the TPT individually or jointly. Importantly, with more
modes not breaking the crystallographic symmetry, the
metastable state created by the laser pumping will likely
consist of domains with different phases due to those dif-
ferent modes of lattice distortions and novel effects are
expected to take place on the domain boundaries.
In this paper we address these questions by system-
atically studying the lattice-symmetry-preserving TPT
in ZrTe5. We use both first-principles calculations and
a derived effective Hamiltonian to analyze the electron
and phonon band structures. We find that the atomic
displacement patterns corresponding to five out of the
six Ag modes can drive the TPT from STI to WTI. At
the transition point for each mode, the system becomes a
Dirac semimetal (DSM), giving rise to a Dirac topology
surface in the 6-dimensional (6D) space formed by the Ag
Raman phonon modes. Our results indicate that TPT in
ZrTe5 can be realized with many different settings of ex-
ternal stimuli that are capable of penetrating through the
Dirac surface. An immediate application is using selec-
tive terahertz optical pumps to induce resonant response
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2of one of the Ag modes, in which the incident photon
fluence is the parameter for controlling the penetration
through the Dirac surface. Furthermore, we predict that
the domains with the mass terms of opposite sign will
have the Weyl modes of opposite chirality propagating
along the domain boundaries. In a broader sense, the
concept of phonon-space Dirac topology surface can be
readily generalized to include other symmetry-breaking
Raman-active or infrared-active phonon modes or other
kinds of topology such as Weyl semimetal state. Studying
phonon-space topology surfaces provides a new generic
route to understanding and utilizing the exotic physical
properties of ZrTe5 and related quantum materials.
Crystal, electronic, and phonon structures—The crys-
tal structure of ZrTe5 and the relaxed structural data are
presented in Fig. 1(a) (see Supplemental Note 1 [40]).
The electronic band structures without and with spin-
orbit coupling (SOC) being included are shown in
Fig. 1(b) and 1(c), respectively, which overall agree with
previous calculations [32]. In the absence of SOC, we
see a crossing between the valence and conduction bands
along the Γ-Z line, which is however gapped by the SOC.
FIG. 1. (a) The crystal structure of ZrTe5 and the relaxed
structural data. Calculated band structure (b) without and
(c) with the inclusion of SOC, where the labels of the high
symmetry points follow Ref. 32. (d) Atom projected phonon
dispersion of ZrTe5, where the colors denote contributions
from the Zr (white), Te1 (green), Te2 (blue), and Te3 (red)
atoms.
The small gap size of 12 meV is similar to the value re-
ported in the literature. From Wannier function tight
binding analysis, we find that the SOC affects mainly the
on-site Hamiltonian matrix elements (i.e. between differ-
ent orbitals of the same atom) in terms of λL · S, where
λ was found to be 0.007 eV for Zr atoms and 0.36 eV for
Te atoms. We find that both the relaxed and and the
experimentally observed structures are in the STI phase.
The atom-projected phonon band structure of ZrTe5 is
shown in Fig. 1(d). Overall, the Zr-derived Γ-point vibra-
tion modes (above 5HTz in white color) are harder than
the Te-derived. There are 36 phonon bands correspond-
ing to 12 atoms (two formula units) in primitive unit cell,
including 13 infrared-active and 18 Raman-active optical
modes (See Supplemental Note 3 [40]). The Raman- and
infrared-active modes preserve and break the inversion
symmetry, respectively. It is thus interesting to observe
photoinduced TPT by preserving and breaking inversion
symmetry in this material; they may drive the system to
Dirac and Weyl semimetal phases, respectively. As an
essential first step, we focus on the full crystalline sym-
metry protecting Ag Raman phonon modes.
There are six Ag modes in total, since the Cmcm
space-group symmetry of ZrTe5 crystal contains six in-
dependent variables in the atomic positions [Fig. 1(a)].
Specifically, the Zr and Te1 atoms move only along the
b-direction whereas Te2 and Te3 atoms move only in the
b-c plane. These modes are referred to as Ag-6 [38], Ag-
22, Ag-25, Ag-27, Ag-29 and Ag-36 based on the energy
ranking shown in Supplemental Table S2. Their atomic
displacement vectors are shown in Supplemental Fig. S2.
Q, the normal coordinate of the phonon modes, is de-
fined in Supplemental Note 2 [40]. The energy cost as
a function of Q reveals that the system is in the har-
monic regime for all the mode displacements considered
(Supplemental Fig. S3).
Topological phase transition—The Z2 invariant for
each Ag mode at different Q values of the normal coordi-
nates is used to infer about the band topological property.
We found that except the Ag-22 mode, the other five Ag
Raman modes can drive a STI-WTI phase transition. As
summarized in Fig. 2, the transition is characterized by
the closing of the Γ-point band gap.
For example, the Ag-27 mode [see Supplemental
Fig. S2(d)]—the outstanding red band with frequency
of 4.33 THz at Γ point in Fig. 1(d)—is dominated by the
displacement of the Te3 atoms in the b-c plane. The
system goes from STI to WTI for Q < −0.25, which
corresponds to ∼ 0.01 A˚ displacement of Te3 atoms in
the b-c plane. In Fig. 3, we show the evolution of the
bands for different values of Q corresponding to the Ag-
27 mode. In the WTI phase [Fig. 3(a)], the valence and
conduction bands are mainly composed of Te3 and Te2
5p orbitals. In the STI phase [Fig. 3(c)], there exists band
inversion between these orbitals in the vicinity of the Γ
point. In between, the gap closes [Fig. 3(b)] and a Dirac
3FIG. 2. Evolution of the band gap as a function of the lattice
displacement factor for (a) lower three Ag modes i.e. Ag-6,
Ag-22 and Ag-25 modes and (b) remaining three Ag modes i.e.
Ag-27, Ag-31 and Ag-36 modes. The red (blue) dots denote
that the system is in STI (WTI) phase for the corresponding
value of the lattice displacement factor.
cone forms at Γ point [Fig. 3(d)]. Similar discussions for
the other Ag phonon modes are shown in Supplemental
Note 3 [40].
To get more insight into the TPT, we investigate how
the nearest (nn) and the next nearest (nnn) neighbour
hopping strengths vary as a function of Q for the Ag-27
mode. As shown in Fig. 3(e), we find that the hoppings
between the Te3-Te3 and Te3-Te1 nn are the ones most
affected. Other hopping terms are not much affected.
Surprisingly, the Te3-Te2 and Te3-Zr nn hoppings are
constant even though their relative distance change as a
function of Q. This implies that the TPT can be induced
by varying the Te3-Te3 nn hopping.
Phonon-space Dirac topology surface—It is notewor-
thy that the Dirac point thus formed is fine tuned, not
symmetry protected, as a 3D system cannot have a sym-
metry protected Dirac point at the Γ point [41]. Hence,
the Dirac point exists for only one Q value for a spe-
cific phonon mode. However, one can resort to different
combinations of the Ag modes for infinite possibilities of
establishing the DSM state.
We further point out that since n phonon modes can
form a n-dimensional space, there exists an n − 1 di-
mensional Dirac topology surface in this space where the
DSM states live, separating STI and WTI located on the
opposite sides of the surface. In Fig. 4, we use the gap-
size plot to illustrate the Dirac topology surface (here it is
a line) in the 2D space formed by two Ag phonon modes.
In the space of Ag-27 and Ag-31 phonon modes as shown
in Fig. 4(a), we find that the system goes through the
TPT for different linear combinations of these two modes.
The line separating the WTI to STI phase can be approx-
imated by the linear equation 10y+ 2.5x+ 0.75 = 0. On
the other hand, Fig. 4(c) shows that the Dirac line in the
space spanned by the Ag-31 and Ag-22 modes is approx-
FIG. 3. Evolution of the band structure and orbital content
of the bands forming the Dirac cone around the Γ point for
different values of the normal coordinate Q corresponding to
the Ag-27 Raman-active phonon mode. The Q values are (a)
−0.6, (b) −0.25, and (c) 0.3. The red (blue) dots show the
proportion of the Te4 (Te3) 5p orbitals. (d) The 3D view
of the Dirac cone on the kx − kz plane for Q = −0.25. (e)
The variation of the hopping strengths between the nearest
neighbour atoms as a function of Q for Ag-27 mode.
imately independent of the Ag-22 mode. This seems to
be consistent with the result that Ag-22 mode alone does
not cause a TPT. However, as shown in Fig. 4(b), the
Ag-22 mode together with a weak Ag-27 mode can drive
the system to the WTI phase. The concept of phonon-
space Dirac topology surface can be generalized to the
6D space of the Ag phonon modes. This yields infinitely
many ways of driving TPT in this system and an encour-
aging prospective considering the 31D space of all the
optically active phonon modes.
Effective Hamiltonian—The four low-energy states at
Γ point are two Kramers pairs formed by the Te2 and
Te3 5p orbitals. The essential low-energy physics can be
described by the k · p model of Chen et. al. [42], which
is nothing but the relativistic Dirac Hamiltonian:
H(k) = mτx + vxkxτ
zσy + vykyτ
zσx + vzkzτ
y, (1)
where σ is the Pauli matrices acting on the spin compo-
nents of the Kramers pairs and τ the Pauli matrices act-
ing on the valley or “orbital” components of the Kramers
pairs. Note that the Hamiltonian is expressed in the fol-
lowing coordinate system: v, k and σs x, y, z-axes cor-
respond to crystal a, b, c-axes respectively, but τs x, y,
z-axes are rotated to correspond to crystal b, c, a-axes
in favor of deriving Eq. (3). The main effect of the Ag
4FIG. 4. Phase diagram in the space spanned by (a) Ag-27 and Ag-31 phonon modes, (b) Ag-27 and Ag-22 phonon modes,
and (c) Ag-22 and Ag-31 phonon modes. The intensity is the gap size at Γ point; the − sign is added for the WTI phase to
distinguish WTI (dark colors) and STI (bright colors). The boundary (zero-value) line is the Dirac topology surface.
phonon modes is changing the mass m. As shown in
Fig. 2, for five out of the six symmetry protecting Ag
phonon modes the mass term in Eq. (1) depends linearly
on the deformation Qi and for the ith mode there is a
value of deformation Q0i where it changes sign, indicating
the STI-WTI phase transition. The contributions from
these modes add mass linearly [Fig. 4(a)] such that
m '
∑
i
Ai(Qi −Q0i ). (2)
By contrast, the mass change induced by the Ag-22 mode
is of the quadratic form m = m0 + BQ
2 and the effects
of its combination with the other Ag modes are more
complicated.
An interesting situation emerges when the mass term
m changes sign at some interface, for instance on the
plane z = z0 (crystal c-axis) [15, 16]. Then the eigenvalue
equation for Hamiltonian (1) can be written as( −E + h⊥(k⊥) m(z) + vz ddz
m(z)− vz ddz −E − h⊥(k⊥)
)(
ψR
ψL
)
= 0,
h⊥(k⊥) = vxkxσy + vykyσx. (3)
Depending on whether m(z) behaves as sign(z−z0) or as
−sign(z− z0), this equation has a solution in the form of
a single Weyl mode E = ±h⊥(k⊥) bound to the surface
with the wave function (for m(+∞) > 0)
Ψ(z) =
(
0
1
)
exp
[
− v−1z
∫ z−z0
0
m(ξ)dξ
]
. (4)
Since the Ag modes do not break the crystallographic
symmetry, the metastable state created by laser pump-
ing will likely consist of domains with different signed
mass. Such domains will have the Weyl modes of oppo-
site chirality propagating along the domain boundaries.
This is a major effect of the Ag-mode distortions.
In summary, we have found that the atomic displace-
ments corresponding to five out of six Ag Raman-active
phonon modes and their combinations can drive ZrTe5
crystal from STI to WTI thereby forming a Dirac cone
at the phase transition point. With more modes not
breaking the crystallographic symmetry, the metastable
state created by the laser pumping will likely consist of
domains with different phases and we predict that such
domains will have the Weyl modes of opposite chiral-
ity propagating along the domain boundaries. Studying
phonon-space topology surfaces provides a new generic
route to understanding and utilizing the exotic physical
properties of ZrTe5 and related quantum materials, e.g.,
finding transient transition to a Weyl semimetal state
in ZrTe5 via photoexcited infrared-active phonon modes.
We anticipate that our results will encourage more work
in the field of ultrafast TPT.
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